SUMMARY Equal doses (8 mg/kg) of the nonsteroidal antiinflammatory drugs indomethacin, naproxen, and sulindac and a large dose of sulindac (32 mg/kg) were administered intragastrically to conscious rats after a normal sodium diet, furosemide stimulation, and a low sodium diet for 8 days. Indomethacin, naproxen, and the high dose sulindac (32 mg/kg) decreased urinary prostaglandin E 2 excretion significantly under all experimental conditions. Sulindac (8 mg/kg) suppressed prostaglandin E 2 excretion after the normal and low sodium diets but not after furosemide stimulation. Indomethacin decreased plasma active renin levels under all three experimental conditions. In rats receiving a normal sodium diet, indomethacin did not affect free water clearance or renal function; however, after furosemide stimulation or a low sodium diet, indomethacin caused a significant reduction of free water clearance and glomerular filtration rate. Naproxen and sulindac (8 mg/kg) did not suppress active renin under any of the experimental conditions. However, naproxen and sulindac caused a significant reduction in free water clearance and glomerular filtration rate after furosemide stimulation and a low sodium diet. Indomethacin, naproxen, and the high dose sulindac suppressed renal prostaglandin E 2 excretion under all experimental conditions. Renal prostaglandin E 2 does not appear to be necessary for active renin secretion. Indomethacin is the most potent inhibitor of active renin and, therefore, most likely to cause hyporeninemia. Volume depletion appeared to sensitize the kidney to the adverse effects of nonsteroidal antiinflammatory drugs. (Hypertension 7: 791-796, 1985) KKY WORDS • prostaglandins • indomethacin • naproxen • sulindac • renin • glomerular filtration rate • urine volume I NTEREST in the role of prostaglandins in the regulation of renin release developed when Vander infused prostaglandin E, (PGE,) and prostaglandin E, (PGE : ) into the renal arteries of anesthetized dogs.' A considerable amount of research has been reported on the relationship between renal prostaglandins and renin release; however, controversy continues as to whether prostaglandins have a major role in the control of renin release. Although isoproterenolinduced renin release was shown to be suppressed by indomethacin, 2 other reports have suggested that renin release following /3-adrenergic stimulation is independent of prostaglandin synthesis.' As for the participation of prostaglandins in the baroreceptor-stimulated, induced renin release, there are conflicting results. Several studies have shown that prostaglandins are involved in the baroreceptor mechanism for renin release.' 4 On the other hand. Freeman et al. 5 reported results that fail to support this hypothesis.
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Parallel decreases in renin release and urinary sodium following indomethacin administration have been observed and suggest that sodium retention may play a role in the suppression of renin release induced by indomethacin. 6 7 However, there are reports that show suppression of renin release in the absence of any changes in sodium excretion after indomethacin administration. 8 g Furthermore, indomethacin inhibits renin release during sodium restriction. 7 The apparent contradictory results may be due to differences in the experimental conditions. Nevertheless, it is clear that prostaglandins participate in renin release from the kidney, a tissue from which vasoactive prostaglandins have been isolated. 10 -" The present study was performed to investigate the effects of several nonsteroidal antiinflammatory drugs (NSAIDs) on the renin-angiotensin-aldosterone system and renal function under several experimental conditions. 792 HYPERTENSION VOL 7, No 5, SEPTEMBER-OCTOBER 1985 Indomethacin (Sigma Chemical Co., St Louis, MO, USA) was dissolved in 95% ethanol (20 mg/ml), while naproxen (Sigma) and sulindac (Merck, Sharp and Dohme Research Laboratories, West Point, PA, USA) were dissolved in distilled water (1 mg/ml), adjusted to pH 10.0 with NaOH. Just before the start of the experiment all NSAID solutions were added to distilled water such that a dose of 8 mg/kg was dissolved in 8 ml of water. These solutions were administered intragastrically by gavage.
For the experiment using rats that received a normal sodium diet (1% NaCl), the water was removed after an overnight fast and the animals received the NSAID in 8 ml of water at 0800 hours and were killed by decapitation 3 hours later. Blood samples were collected from the neck vessels in tubes containing 2 mg of disodium ethylenediaminetetraacetic acid for measurement of active renin and creatinine. Urine was collected during the entire length of the experiment (3 hr). A large dose of sulindac (32 mg/kg) in 8 ml of water was also administered to some rats. The control group received only 8 ml of water at 0800 hours.
In the furosemide stimulation experiment, the protocol was similar to the first experiment except that furosemide (5 mg/kg; Pharmaceuticals Inc., Somerville, NJ. USA) was injected intraperitoneally at 1000 hours and the rats were killed 1 hour later. Blood and urine samples were collected as described. The control animal group received 8 ml of water and an injection of saline (0.5 ml/kg) instead of furosemide. In the sodium-deficient experiment, the rats were maintained on a low sodium diet ( -0 . 0 1 % NaCl) for 8 days and the experiment was performed similarly to the first experiment.
Active renin was measured by radioimmunoassay of generated angiotensin I using a Becton-Dickinson kit ("Rutherford, NJ. USA). Plasma (50 /u.1) was incubated with rat renin substrate (100 ^1) in the presence of angiotensinase inhibitors (8-hydroxyquinoline, dimercaprol. and ethylenediaminetetraacetic acid). After 1 hour of incubation at 37 °C (pH 7.4), the generated angiotensin 1 was assayed by radioimmunoassay. Extraction of urinary prostaglandin was done using columns of octadecylsilyl silica (Sep-Pak, Water Associates, Milford, MA, USA) following the method of Powell.
12 Sep-Pak was pretreated with ethanol (5 ml) followed by water (5 ml). Two milliliters of urine was acidified to pH 3.0 with 1 N HC1 containing [ 1 H]PGE 2 (1200 counts/min) for recovery and passed through a Sep-Pak column connected to a syringe and used for recovery. The Sep-Pak was washed with 5 ml of ethanol-water (15:85), 5 ml of petroleum ether, and PGE, was eluted wth 10 ml of methyl formate. The methyl formate fraction was collected and evaporated under air. The extract was reconstituted in buffer for assay of PGE 2 using a l25 I-radioimmunoassay kit from New England Nuclear (Boston, MA, USA). Plasma and urinary creatinine were determined by a standard colorimetric assay using a kit from Sigma. Urinary sodium was measured by flame photometry (Instrumentation Laboratory Inc., Lexington, MA, USA). Plasma and urinary osmolarity were measured by osmometer (Advanced Instruments. Inc.. Needham Heights, MA, USA) for determination of free water clearance.
Results are presented as means ± SE. Statistical analysis was performed by the Dunnett's multiple comparison test; p values of less than 0.05 were considered statistically significant. Figure I shows the effects of NSAIDs on plasma active renin under various experimental conditions. In rats receiving a normal sodium diet, indomethacin decreased active renin from a control level of 20.78 ± 2.04 ng/ml/hr to 14.07 ± 1.76 ng/ml/hr. Naproxen and sulindac did not change active renin levels. Furosemide significantly increased active renin from control levels of 12.46 ± 1.62 ng/ml/hr to 28.49 ± 3.25 ng/ml/hr. Pretreatment with indomethacin significantly blunted the rise in active renin produced by furosemide (13.75 ± 2.19 ng/ml/hr). Naproxen and sulindac 
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(at either 8 or 32 mg/kg) did not suppress active renin levels after furosemide stimulation. In the rats receiving a low sodium diet, active renin increased from control levels of 6.41 ± 1.52 ng/ml/hr to 27.37 ± 2.84 ng/ml/hr. Indomethacin and the large dose of sulindac decreased active renin levels to 15.09 ± 2.39 ng/ml/hr and 15.21 ± 1.13 ng/ml/hr respectively. However, no significant changes in active renin levels were observed in the groups receiving naproxen and the smaller dose of sulindac (8 mg/kg). Figure 2 shows the response of urinary PGE 2 excretion under various conditions. Furosemide treatment did not significantly change urinary PGE 2 excretion (control levels of 2.08 ± 0.46 ng/ml/3 hr vs furosemide-stimulated levels of 2.60 ± 0.36 ng/ml/3 hr). Indomethacin, naproxen, and the high dose of sulindac (32 mg/kg) decreased PGE 2 excretion significantly under the three experimental conditions. The low dose of sulindac (8 mg/kg) suppressed prostaglandin excretion in rats receiving normal and low sodium diets but had no significant effect after furosemide stimulation. Low sodium diet did not change urinary PGE 2 excretion from control (normal sodium) levels. Figure 3 shows the data from determinations of glomerular filtration rate (GFR). In the rats that received a normal sodium diet, the GFR decreased only in the group treated with the large dose of sulindac from control levels of 0.77 ± 0.05 ml/min/100 g to 0.34 ± 0.05 ml/min/100 g. Furosemide treatment alone did not significantly change GFR; however, all NSAIDs significantly suppressed GFR in the furosemide-stimulated and sodium-restricted groups. Figure 4 shows the changes in free water clearance. In rats receiving a normal sodium diet, a significant decrease in free water clearance was observed only in the group treated with the large dose of sulindac (from control levels of 8.18 ± 2.25 ml/min, X 10" 3 to 2.44 ± 0 . 3 6 ml/min, X 10~3). Furosemide increased free water clearance from control levels of 11.65 ± 1.38 ml/min, X 10' 3 to 24.89 ± 1.51 ml/min, x 10" 3 . Although the increased free water clearance caused by furosemide was attenuated by treatment with all NSAIDs, the fractional free water clearance was not changed. In rats receiving a low sodium diet, all NSAIDs suppressed free water clearance and the fractional free water clearance was also significantly reNonnal Sodium PQE, 6 . ng/3h 
FIOURE 4. Effects of indomethacin (Ind), naproxen (Nap), and sulindac (Sul) on free water clearance (C-H 2 0) in rats after a normal sodium diet (n = 6), furosemide stimulation (F; n = 12), or a low sodium diet (LS; n = 12). Each bar represents the mean ± SE; control bars (Cont) represent rats receiving a normal sodium intake without stimulation or drug treatment.
•p < 0.05, **p < 0.01.
FIGURE 5. Effects of indomethacin (Ind), naproxen (Nap), and sulindac (Sul) on urinary sodium excretion in rats after a normal sodium diet (n = 6), furosemide stimulation (F; n = 12), or a low sodium diet (LS; n = 12). Each bar represents the mean ± SE; control bars (Cont) represent rats receiving a normal sodium intake without stimulation or drug treatment.
*p < 0.05, **p < 0.01. duced (control, 34.2 ± 8.1 ml/min, X 10~3; low sodium diet, 48.2 ± 3.5 ml/min, x 10~3; low sodium diet plus indomethacin, 9.9 ± 2.3 ml/min, X 10" 3 ; low sodium diet plus naproxen, 7.3 ± 1.1 ml/min, x 10" 3 , low sodium diet plus sulindac, 9.9 ± 1.4 ml/min, x 10~3, low sodium diet plus 32 mg/kg sulindac, 7.1 ± 1.3 ml/min, x 10" 3 ; p < 0.01). Figure 5 shows urinary sodium excretion. In the rats receiving a normal sodium diet, only the large dose of sulindac decreased sodium excretion. Furosemide increased sodium excretion from control levels of 0.05 ± 0.01 mEq/3 hr to 0.49 ± 0.05 mEq/3 hr. None of the NSAIDs caused a significant reduction of sodium excretion after furosemide stimulation. Sodium restriction markedly suppressed sodium excretion to 0.0015 ± 0.0008 mEq/3 hr from control levels of 0.12 ± 0.07 mEq/3 hr; the levels in the rats treated with NSAIDs were undetectable.
Discussion
Prostaglandins are known to affect many aspects of renal function, including renal blood flow, sodium and water handling, and renin release. The NSAIDs block prostaglandin synthesis by inhibiting cyclooxygenase. Indomethacin has been reported to cause hyperkalemia, secondary to hyporeninemic hypoaldosteronism. 13 Furthermore, aspirin and indomethacin have been shown to decrease renal function, especially in patients with preexisting renal disease. 1415 The role of prostaglandins in the control of renin release has received much attention in recent years. The parallel decrease in renin release and PGEj excretion caused by indomethacin in the present study agrees with previous reports.
6 ' 16 -l7 However, in our study the large dose of sulindac (32 mg/kg) decreased active renin and urinary PGE 2 levels only after a low sodium diet. After a normal sodium diet and after furosemide stimulation neither naproxen nor sulindac suppressed active renin in spite of suppression of urinary PGEj excretion, which suggests that prostaglandins are not always critical for renin release. These data suggest that the suppression of active renin by indomethacin may be caused by a mechanism different from inhibition of prostaglandin synthesis. Freeman et al. 5 failed to block or attenuate the renin response to baroreceptor stimulation with indomethacin, while Data et al. 4 succeeded in inhibiting renin release under the same stimulation. Some conflicting results are also found in several reports in which the response of renin release to /3-adrenergic stimulation was dependent 2 or independent 3 of prostaglandin synthesis.
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In rats receiving a normal sodium diet, the NSAIDs did not change GFR in spite of a significant reduction in urinary PGEj. However, during short-term or longterm volume depletion, GFR was decreased. Therefore, it is likely that renal prostaglandins play an important role in maintaining renal function during volume depletion.
Several investigators have reported that the GFR was lowered by prostaglandin inhibitors in normal human subjects,' 8 -l9 while others have shown no changes in GFR. 20 - 21 A number of new NSAIDs recently have been introduced for clinical use. Some of these drugs have been reported to selectively spare the renal cyclooxygenase system and therefore preserve renal prostaglandin production. 22 Ciabattoni et al. 22 showed that in patients with chronic glomerulonephritis the renal blood flow and GFR are dependent on prostacyclin production. Ibuprofen treatment of these patients suppressed urinary 6-keto-prostaglandin F la and PGEj and caused a 28% reduction of GFR, whereas patients treated with sulindac showed no suppression of urinary prostaglandins and no changes in renal function. Similar to our results, Ciabattoni et al.
a showed no changes in renal function in normal volunteers treated with the drugs in spite of similar suppression of urinary prostaglandin synthesis by ibuprofen. In contrast to their findings, we found that in the rats receiving a normal or a low sodium diet, sulindac caused a significant suppression of urinary PGE^. Whether this discrepancy of results is due to species difference is not known. In our study only the large dose of sulindac decreased GFR after a normal sodium diet. However, during short-term or long-term volume depletion all NSAIDs caused a significant reduction of the GFR. Others have also shown that the administration of prostaglandin synthesis inhibitors to subjects receiving a low sodium diet induces a fall in GFR. 23 - 24 Clive and Stoff 23 suggested that the combination of prostaglandin inhibitors and sodium restriction decreases renal function by interfering with the hemodynamic balance between vasoconstrictors and vasodilators. According to their hypothesis, low sodium intake activates pressor mechanisms such as the adrenergic and the reninangiotensin system, which in turn stimulate synthesis of vasodilatory renal prostaglandins for maintenance of normal renal function. Prostaglandin inhibitors interfere with this balance and suppress the production of vasodilator prostaglandins.
Renal prostaglandins have a natriuretic effect. The mechanism of the natriuretic action of prostaglandins may be due to renal vasodilation 26 and a reduction of sodium transport at the collecting tubule. 27 Cooling and Sim 28 demonstrated that in conscious rats, indomethacin (10 mg/kg) and flurbiprofen (5 mg/kg) reduced urine volume and sodium excretion induced by several diuretics, including furosemide (10-90 mg/kg). However, in our experiments only the large dose of sulindac (32 mg/kg) depressed sodium excretion after a normal sodium diet. Some reports have shown no effect of NSAIDs on sodium excretion. 9 -' 6 In the rats receiving a low sodium diet, NSAIDs reduced sodium excretion to unmeasurable levels. Donker et al. 7 reported a reduction of sodium excretion following treatment with indomethacin in normal humans on normal or low sodium intake. Altsheler et al. 29 showed that prostaglandin synthetase inhibitor decreased sodium excretion, especially after sodium loading.
In contrast to previous reports in which a low sodium diet increased urinary PGEj excretion, 30 -31 we found no significant changes in urinary PGEj excretion following sodium restriction. Several investigators suggested that changes in sodium balance altered renin release, which in turn altered renal PGE^ production, since there is evidence that angiotensin II stimulates PGEj production. 32 " On the other hand, Tan et al. 34 reported that short-term sodium loading increased urinary PGEj levels in the rat. Others have shown a lack of correlation between sodium balance and PGEj levels. 33 Nevertheless, it may be possible that the water load administered to the rats partially suppressed vasopressin levels, which in turn could affect PGEj excretion.
The decreased free water clearance observed in rats treated with furosemide and a low sodium diet may be explained by the enhancement of vasopressin action caused by prostaglandin inhibition, since many studies have shown evidence of an increased reponse to vasopressin following inhibition of renal prostaglandin synthesis. 36 - 37 On the other hand, the decreased free water clearance was only observed in situations in which the GFR was also reduced, which suggests that the fall in GFR may have been the major factor responsible for the decrease in free water clearance. This was probably the mechanism in the furosemide-treated rats, since the fractional free water clearance was not changed. However, the decreased free water clearance observed in the rats receiving a low sodium diet probably resulted from the reduction in GFR as well as the enhancement of vasopressin action caused by prostaglandin inhibition, since the fractional free water clearance was also reduced.
In conclusion, indomethacin, naproxen, and sulindac caused a significant suppression of renal PGEj excretion. However, in rats receiving a normal sodium diet, only indomethacin suppressed active renin, which indicates that renal PGEj production is not necessary for active renin secretion. Indomethacin is the most potent inhibitor of active renin and thus more likely to induce hyporeninemia. In rats receiving a normal sodium diet, none of the NSAIDs decreased renal function; however, after furosemide administration or after a low sodium diet, all NSAIDs caused a significant reduction of GFR, which suggests that volume depletion sensitized the kidney to the adverse effects of the NSAIDs.
